I. INTRODUCTION
F EW-LAYER black phosphorus (BP) is a layered semiconductor that has shown tremendous promise for high-performance electronic and photonic applications [1] . BP MOSFETs have been demonstrated that show high drive current, transconductance, and unity gain cutoff frequency [2] - [5] . Logic inverters utilizing BP have also been demonstrated [6] , as well as analog amplifiers and mixers [7] . In general, BP p-MOSFETs outperform transition metal dichalcogenides (TMDs), both in terms of transconductance and drive current [5] , [8] - [10] . This is mainly due to the lighter effective mass of BP, which leads to higher mobility, and narrower band gap which can reduce contact resistance due to Schottky barrier height lowering. BP has also been shown to provide stable and reproducible characteristics after dielectric encapsulation [11] .
One of the key practical issues for BP MOSFET technology is the ability to control the crystal orientation. Due to the highly asymmetric effective mass, the carrier mobility and hence the device performance are expected to be highly sensitive to crystal orientation [12] , [13] . However, most of the previous studies on BP MOSFETs have used randomly oriented BP as the channel with no attempt to control the crystal orientation of the transport. In the few studies on angledependent transport in BP that have been reported, either detailed electrical characterization was not performed [14] , or transport was not well isolated along the high-symmetry directions with fringing electric fields along other transport directions, which could underestimate the effect of crystal orientation on device performance [6] . In this work, we quantify for the first time the effect of controlled crystal orientation on BP MOSFET performance using a device geometry where both the orientation and lateral field profile are well controlled. We show that the transconductance, g m , is up to 4.8 × (1.6×) higher for p-MOSFETs (n-MOSFETs) oriented along the armchair direction compared to the zigzag direction. We also show that armchair-oriented BP p-MOSFETs (n-MOSFETs) display 3.5 × (1.5×) higher maximum current compared to zigzag devices. Finally, we demonstrate that this orientation control allows realization of BP n-MOSFETs with record-high g m . We also report recordlow contact resistance for BP p-MOSFETs utilizing permalloy as a high work-function metal contact.
II. DEVICE FABRICATION
The device structure consists of an inverted gate geometry with local back gate beneath the BP flake [3] . The process 0741-3106 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. sequence started with a Si wafer on which 100 nm of SiO 2 is grown. After alignment mark formation, electronbeam lithography (EBL) was used to pattern gate openings in PMMA, and the SiO 2 was recessed by 50 nm followed by Ti/Pd (10/40 nm) metallization and lifted off to form a buried gate electrode. HfO 2 (15 nm) was then deposited by atomic layer deposition (ALD) to form the gate dielectric followed by exfoliation and transfer of BP flakes onto the local back gates. Next, optical reflectance was used to determine the crystal orientation of the flakes [11] . The BP was typically about 10-nm thick as determined by atomic force microscopy (AFM). The AFM line scan of the BP is shown as an inset in Fig. 1 . Next, a right-angle structure was etched using Ar plasma [14] to create mesas along both the zigzag (zz) and armchair (ac) crystal directions. A series of source/drain transfer length measurement (TLM) structures with channel length, L ch , (defined as the source/drain contact (S/D) separation) ranging from 0.3 to 0.7 μm was deposited. Both permalloy (Py -80% Ni, 20% Fe) and titanium (Ti) contacts were deposited using electron-beam evaporation, followed by a capping layer of gold (Au). After contact metallization, the entire structure was passivated with ALD Al 2 O 3 (30 nm) to ensure stable devices. A scanning electron microscopy (SEM) image of a typical completed device structure is shown in Fig. 1 . All electrical characterization was performed at room temperature.
III. RESULTS

A. Ti Contacts
Results for the Ti contacted samples are shown in Fig. 2 , where two devices with L ch = 0.3 μm in the ac and zz directions were analyzed. A comparison of the drain current, I D , vs. drain-to-source voltage, V DS , characteristics show that both devices display predominantly n-MOSFET behavior, with the ac-oriented device having maximum current at V DS = +2 V and V G S = +2.5 V, I M AX , as high as 200 μA/μm, while the zz-device had I M AX ∼ 130 μA/μm. Fig 2(b) -(e) shows the transfer characteristics along the ac-and zz-orientation and the on-to-off current ratios are within expectations for the BP MOSFETs with 10-nm channel thickness [11] . A comparison of the transconductance shows peak g m values of 110 μS/μm (70 μS/μm) for the ac (zz) device at V DS = +2 V. The enhancement in I M AX and g m is consistent with the predicted electron mobility increase in BP along the ac-vs. zz-direction [15] . These I M AX and g m values are the highest reported to date for BP n-MOSFETs [10] , [16] , [17] .
The dependence of the device g m on channel length is shown in Fig. 3 . We observe that the peak g m increases with decreasing channel length for both ac-and zz-oriented devices, with the ac-oriented devices having consistently higher g m compared to zz-oriented ones. At V DS = +2.0 V, the average g m ratio between ac-and zz-oriented devices is 1.65 + 0.16 and the largest improvement occurred in devices with L ch = 0.7μm where g m anisotropy ratio of 1.9 was found.
B. Py Contacts
Similar characterization was performed on devices with Py contacts. It has been reported that the Py work function lines up close to the valence band of BP [2] , [18] , and therefore, predominantly p-type behavior and low contact resistance is expected due to the small Schottky barrier height for holes. The output characteristics of ac-and zz-oriented devices with L ch = 0.3 μm are shown in Fig. 4 , which confirm the p-MOSFET operation. The ac-oriented device has I M AX ∼ 200 μA/μm at the V DS = −2 V and the zz-device has I M AX = 55μA/μm under the same bias conditions. The transfer characteristics shown in Fig. 4(b) and (e) display a very small hysterysis in the devices characteristics. The peak g m along the ac direction is 163 μS/μm, which is 4.8× larger than the peak g m of 34 μS/μm along the zz direction.
A TLM structure was utilized to extract the contact resistance between Py and BP for the ac-oriented devices. In this method, the width-normalized resistance,R tot W , was extracted for different channel lengths in the linear regime (V DS = −10 mV) as shown in Fig. 5(a) . The y-intercept of R tot W at zero L ch can be used to extract the total contact resistance according to
where μ is the mobility, C ox is the gate capacitance per unit area, V T H is the threshold voltage, R C is the contact resistance, and W is the channel width. This linear extrapolation at the overdrive voltage ofV OV = V G S − V T H = −2.2 V is shown in Fig. 5(b) . For comparison the TLM results for Ti contacts on ac-oriented BP p-MOSFETs are also shown. Finally, Fig. 5(c) shows the V G S -dependence of R C . At V OV = −2.2 V, R C was found to be 0.31 + 0.27 k · μm, which, even accounting for the extrapolation error, is the lowest contact resistance reported to date for a 2D semiconductor MOSFET. Once again, the R C values for Ti contacts on ac-oriented BP p-MOSFETs are also shown. Here, the minimum R C value was found to be 2.67 ± 0.36 k ·μm, a value similar to previous results [3] and which clearly shows the benefit of Py for reducing the contact barrier height. Contact resistance to 2D materials can be explained using the following equation [19] ,
where ρ C is the specific contact resistivity which corresponds to the out-of-plane tunneling from the metal contact into the semiconductor, L C is the contact length and ρ S H is the sheet resistivity, which is inversely proportional to the in-plane mobility, μ. Since the ac-orientation mobility in BP is ∼2-4× higher than zz-orientation mobility [12] , according to (2), the zz-to ac-direction contact resistance ratio is expected to be less than 2. At higher carrier concentrations this difference becomes negligible comparing to the measurement errors. Therefore, our results show that in order to reduce R C , contact engineering is essential. The mean resistance value reported here for Py contacts is still over an order of magnitude higher than the minimum value that can be expected for ballistic contacts [20] , suggesting that further improvement in the contact resistance is possible.
IV. CONCLUSION
In conclusion, we have demonstrated orientation-controlled BP n-and p-MOSFETs using Ti and Py contacts. Due to the effective mass asymmetry, devices along the armchair transport direction show higher current and transconductance. The orientation control enables BP n-MOSFETs to show high drive current and transconductance. We also compared the contact resistance of the Ti and Py contacts and show that the metal workfunction engineering offers record-low contact resistance in p-MOSFETs. Our results represent the first quantitative measure, under controlled experimental conditions, of the performance enhancements that can be achieved using orientation control in BP MOSFETs.
